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Effect of chronic respiratory acidosis on urinary calcium excretion in
the dog. It is currently believed that the two chronic acidemic disorders
exert disparate effects on urinary calcium excretion: chronic metabolic
acidosis induces consistent hypercalciuria, but no appreciable change
or even a decrease in calcium excretion is reported to attend chronic
respiratory acidosis. Whereas the effect of metabolic acidosis is well
documented, little work has been carried out in chronic hypercapnia. In
fact, most of the studies on chronic respiratory acidosis were short in
duration, had employed only mild hypercapnia, or had failed to control
carefully the prevailing metabolic conditions. We have carried out
balance observations in nine dogs exposed to a 10% CO2 atmosphere in
an environmental chamber for a period of two weeks. Chronic respira-
tory acidosis led to a significant increase in urinary calcium excretion
from a mean control value of 0.4 0.1 mmol/day to 0.6 0.1 mmol/day
during both week 1 and 2 of hypercapnia (P < 0.05). Hypercalciuria
occurred even though filtered load of calcium fell. Mean fractional
excretion of calcium increased significantly during each week of hyper-
capnia averaging 0.60 0.12% during control, 1.05 0.13% during
week 1, and 1.26 0.17% during week 2 of hypercapnic exposure (P <
0,05). There were no changes in plasma levels of immunoreactive
parathyroid hormone or 1 ,25-dihydroxyvitamin D3. These findings
suggest that chronic respiratory acidosis, just like chronic metabolic
acidosis, augments urinary calcium excretion by a direct depressive
effect on the tubular reabsorption of calcium.
Hypercalciuria is a consistent feature of chronic metabolic
acidosis, having been observed in rats [1], dogs [2], and humans
[3—51. Detailed investigation of the mechanism of this phenom-
enon has concluded that acidemia itself is the proximate cause
of the hypercalciuria by inducing reduction of tubular calcium
reabsorption in the distal nephron [2].
If acidemia was indeed responsible for the hypercalciuria of
chronic metabolic acidosis, one would anticipate a similar
urinary response to the other cardinal acidemic disorder,
namely chronic respiratory acidosis. Contrary to this expecta-
tion, the literature is replete with statements concerning the
disparate calcium excretory response to the two acidemic
states: whereas hypercalciuria typifies chronic metabolic acido-
sis, no appreciable change or even a decrease in urinary calcium
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excretion is reported to attend chronic respiratory acidosis
[6—9] - Our own scrutiny of the relevant data base has produced,
however, considerable doubts on the validity of this assertion.
For one, the response of urinary calcium excretion to chronic
respiratory acidosis has been the subject of a relatively small
number of investigations. Moreover, most of the available
studies were short in duration or employed only mild hypercap-
nia and, accordingly, had attained marginal degrees of systemic
acidemia. Finally, some studies had been unable to control
carefully the prevailing metabolic conditions [6, 8—10].
We have, therefore, carried out detailed balance observations
in dogs to examine the impact of prolonged, chronic respiratory
acidosis on urinary calcium excretion. Our results indicate that
hypercalciuria does indeed occur during chronic respiratory
acidosis and, as is the case with chronic metabolic acidosis,
appears to emanate from an acidemia-induced reduction of
renal tubular calcium reabsorption.
Methods
Studies were carried out on nine female mongrel dogs,
ranging in weight from 9.7 to 12.5 kg. All animals were fed 30
g/kg per day of a synthetic diet for 12 days prior to the control
period (to allow for adaptation) and throughout the period of the
study. The diet contained less than 1.0 mmol sodium/lOO g, less
than 0.1 mmol potassium/100 g, and less than 0.5 mmol chlo-
ride/l00 g [11]. The daily diet was homogenized with 60 ml
distilled water/kg body weight (pre-control and control periods)
and 80 mI/kg body weight during exposure to 10% CO2 atmo-
sphere. This adjustment was done to offset the greater insensi-
ble water losses produced by the striking hyperventilation
characteristic of CO2 breathing. Throughout the study, the diet
was supplemented with sodium 3 mmollkg body weight as the
chloride salt, potassium 3 mmol/kg body weight as the neutral
phosphate salt, calcium 3.8 mmollkg body weight as the car-
bonate salt, and magnesium 0.4 mmol/kg body weight as the
sulfate salt. Each dog received a daily supplement of iron (0.3
ml of Feosol Elixir, Menley and James Laboratories, Philadel-
phia, Pennsylvania, USA) and multivitamins (0.3 ml of Poly
Vi-Sol, Mead Johnson and Co., Evansville, Indiana, USA).
Animals that did not eat spontaneously were tube-fed and those
that vomited were excluded from the study. Blood samples
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Table 1. Plasma acid-base and electrolyte composition during control and chronic respiratory acidosis in dogs
Control
10% CO2
2 hours 24 hours Day 7 Day 14
Hydrogen ion nEqiliter 42 0.4 68 0.9° 65 1.3° 59 o.sa 55 o.7a
pH 7.38 0.005 7.17 0.006° 7.18 0.009° 7.23 0.00? 7.25 o.oo4
PaCO2 mm Hg 35 0.7 80 I.oa 84 0.7° 93 1.? 90 0.8°
Bicarbonate mEqiliter 20 0.2 29 0.6° 31 0.6° 38 0.6° 40 0.6k
Sodium mEq/liter 146 0.5 150 0.9° 144 0.4 151 1.2° 151 1.0°
Potassium mEqiliter 4.3 0.1 4.3 0.1 4.1 0.1 4.4 0.1 4.1 0.1
Chloride mEq/!iter 111 0.! 109 0.6 102 0.4° 99 0.6° 95 o.5a
Values presented are means SEM (N =9).
a P < 0.05 vs. control
were obtained by percutaneous arterial puncture; rectal tern..
perature was measured at the time of blood sampling.
Experimental protocol
Control period. A control period of 8 days was obtained in
order to establish a normal baseline.
Chronic respiratory acidosis. Following completion of the
control period, the animals were placed into a large environ-
mental chamber [12] and the ambient CO2 concentration was
raised to 10% over a 30 minute period. The chamber atmo-
sphere was maintained at this level of FICO2 for a period of two
weeks. A normal ambient oxygen concentration of 21% was
utilized throughout the study.
Blood specimens were obtained on three days during the
control period and, following the induction of hypercapnia, at
two hours, 24 hours, seven days and 14 days. Throughout the
period of study, urine was collected daily from each dog into
glass bottles containing thymol-chioroform preservative and
mineral oil.
Analytical methods
Methods used for determining sodium, potassium, chloride,
phosphorus, ammonium, titratable acidity, net acid, and creat-
mine have been reported previously [13]. The balance tech-
niques employed in this study have also been described earlier
[131. Total CO2 was measured by the Technicon Auto Analyzer
(Technicon Instruments Corporation, Tarrytown, New York,
USA) and the results were confirmed daily by the manometric
techniques of Peters and Van Slyke according to a protocol
previously described [14]. pH was measured anaerobically at
39°C by glass electrode (Radiometer Co., Copenhagen, Den-
mark). Bicarbonate concentration and PaCO2 were calculated
from the Henderson-Hasselbaich equation. pH, pK , and the
solubility coefficient of CO2 were corrected for temperature;
pK was also corrected for pH [15—17].
Total calcium and magnesium concentrations were deter-
mined by atomic absorption spectrophotometry (Perkin-Elmer
5000, Perkin-Elmer Co., Ridgefield, Connecticut, USA). For
calcium and magnesium determination in urine, each aliquot
was acidified with concentrated hydrochloric acid prior to
measurement. Ionized calcium was measured by a specific
electrode (Nova 2 Ionized Calcium Analyzer, Nova Biomedi-
cal, Newton, Massachusetts, USA). Plasma immunoreactive
parathyroid hormone (iPTH) was measured by a radioimmuno-
assay as previously described [181. Plasma 1 ,25-dihydroxyvita-
mm D3 (l,25(OH)2D3) concentration was detennined by a
modification of the method of Shepard et a! [19].
Glomerular filtration rate (GFR), estimated as the endoge-
nous creatinine clearance, was obtained during the control
period and weekly thereafter by averaging the urinary creati-
nine excretion of four consecutive 24-hour urine collections and
measuring the plasma creatinine concentration at the midpoint
of this interval. Filtered load of calcium was calculated as GFR
x plasma ionized calcium concentration and fractional calcium
excretion as clearance of ionized calcium/GFR [20].
Statistical analysis
All values are reported as the mean SEM, unless otherwise
specified. Statistical analyses were performed using a two-way
analysis of variance. If significant treatment effects were noted,
the mean value for each group was compared using the New-
man-Keuls multiple-range test with the appropriate variance
term. Throughout the text, the terms "significant" or "signifi-
cantly different" are used to describe a difference which has a
P value of less than 0.05, unless otherwise stated.
Results
Exposure to the 10% CO2 atmosphere appeared to be well
tolerated by the animals; they all remained active and easy to
manage. No episode of vomiting was encountered. Body weight
averaged 10.7 0.4 kg during control, and it decreased signif-
icantly to 10.2 0.4 kg and 9.9 0.4 kg during week 1 and
week 2 of hypercapnia, respectively.
Plasma data
Plasma values for the control period were obtained for each
animal by averaging the three plasma determinations available.
During the first and second weeks of hypercapnia, values for
each particular time point are reported.
Acid-base and electrolytes. Table 1 depicts mean values for
the group as a whole for acid-base and electrolyte composition
during control and chronic respiratory acidosis. As can be seen
in the Table, after seven days of exposure to an F1C02 of 10%,
the adaptive response to chronic hypercapnia had fully evolved,
mean acid-base values averaging 59 nEq/liter for plasma hydro-
gen ion concentration (7.23 for plasma pH), 93 mm Hg for
PaCO2, and 38 mEq/liter for plasma bicarbonate concentration
[21, 22]. These values, and those measured during the second
week of hypercapnia fall well within the 95% confidence inter-
vals for the steady state response to chronic hypercapnia
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Table 2. Plasma calcium, magnesium, phosphate, albumin, iPTH, and 1 ,25(OH)2 vitamin D3 during control and chronic respiratory acidosis in
dogs
10% CO2
Control 2 hours 24 hours Day 7 Day 14
Total calcium mmoi/iiter 2.57 0.02 2.69 0.02a 2.54 0.02 2.62 0,07 2.67 0.02
Ionized calcium mmol/iiter 1.31 0.01 1.41 0.OIa 1.34 0.01 1.31 0.02 1.24 0.02
Magnesium mmoi/iiter 0.71 0.01 0.74 0.01 0.77 o.o2 0.88 0.02a 0.84 0.02
Phosphate mmo!/iiter 1.9 0.05 2.5 0.14a 1.7 0.06 1.9 0.07 2.0 0.06
Albumin g/iiter 32 0.3 — — 37 0.9 34 0.9
iPTH lEquivimi 19 1.0 22 1.8 19 1.2 20 1.2 23 2.9
1,25(OH)2D3 pg/mi 17 2.4 — 16 1.9 18 3.0 —
Values presented are means SEM (N = 9).
a P < 0.05 vs. control
Table 3. Urinary net acid and electrolyte excretion during control and chronic respiratory acidosis in dogs
10% CO2
Day
Control 1 2 3 4 5 6 7 1
Week
2
Net acid 1.43 3.24a 2.91 1.69 1.79 1.84 1.33 1.8la 1.49
±0.16 ±0.31 ±0.45 ±0.20 ±0.35 ±0.51 ±0.20 ±0.47 ±0.17 ±0.19
Ammonium 1.71 1.14 3.38a 3.31a 2.75a 2.6la 2.88a 2.27 2.62a 2.66a
±0.08 ±0.13 ±0.41 ±0.20 ±0.22 ±0.36 ±0.21 ±0.28 ±0.17 ±0.18
Titratable 0.46 0.22 0.51 0.45 0.29 0.25 0.30 0.44 0.35a 0.25a
acidity ±0.05 ±0.08 ±0.06 ±0.05 ±0.06 ±0.05 ±0.04 ±0.10 ±0.03 ±0.04
Bicarbonate 0.75 1.51a 0.65 0.90a 1.36 1.08 1.33a 1.37a l.17 1.43a
±0.10 ±0.22 ±0.11 ±0.09 ±0.19 ±0.18 ±0.12 ±0.17 ±0.10 ±0.08
Sodium 2.67 4.08a 1.89 3.05 2.76 2.13 2.57 375 2.89a 2.56
±0,09 ±0.28 ±0.16 ±0.18 ±0.30 ±0.32 ±0.11 ±0.35 ±0.13 ±0.07
Potassium 2.91 5.65 3.21 2.77 2.50 1.91 3.10 3.87a 3.29a 3.07
±0.09 ±0.28 ±0.16 ±0.14 ±0.11 ±0.16 ±0.11 ±0.26 ±0.09 ±0.09
Chloride 2.52 3.52 4.Ola 457 3.12 2.27 3.10 393a 35Øa 2.86a
±0.09 ±0.36 ±0.50 ±0.29 ±0.19 ±0.21 ±0.20 ±0.25 ±0.10 ±0.07
pH 6.68 6.89 6.47 6.52 6.73 6.74 6.74 6.74 6.69 6.79
±0.03 ±0.06 ±0.07 ±0.03 ±0.05 ±0.06 ±0.04 ±0.08 ±0.03 ±0.02
Values presented are means ± SEM (N = 9); except for pH, all values are in mEq/kg/day.
a p < 0.05 vs. control
previously described from this laboratory [21]. Exposure to
10% CO2 led to a significant increment in plasma sodium
concentration and a significant decrement in plasma chloride
concentration. Plasma potassium remained stable.
As can be seen in Table 2, plasma total calcium concentration
increased significantly at two hours of hypercapnia from a
control value of 2.57 to a value of 2.69 mmol/liter (that is, about
5%) but returned to the control level by 24 hours and for the
remainder of the study. Plasma ionized calcium increased
significantly at two hours of hypercapnia by a similar degree
(about 8%; 1.31 to 1.41 mmoliliter), returned to the control level
by day 7 of hypercapnia, and subsequently decreased signifi-
cantly to 1.24 mmol/liter at day 14 of hypercapnia. Plasma
magnesium concentration increased significantly at 24 hours of
hypercapnia (from 0.71 to 0.77 mmol!liter) and remained signif-
icantly elevated for the remainder of the study. With the
exception of an acute, significant rise in plasma phosphate at
two hours of hypercapnia (from 1.9 to 2.5 mmol/Iiter), no
significant changes from the control level were observed
throughout the study.
Albumin, iPTH, and 1,25(OH)2D3. As shown in Table 2, no
significant changes were observed in the plasma levels of
albumin, iPTH or 1,25(OH)2D3.
Miscellaneous plasma data. Mean plasma hematocrit re-
mained without significant change throughout the study at 0.45
± 0.01, 0.48 ± 0.01, and 0.45 ± 0.01 during control, day 7, and
day 14 of hypercapnia, respectively. Likewise, mean serum
creatinine concentrations of 62 ± 2, 53 ± 2, and 53 ± 2
mmollliter during control, day 7, and day 14 were not signifi-
cantly different. Glomerular filtration rate, estimated as the
endogenous creatinine clearance, averaged 0.55 ± 0.05 mI/s
during control, remained unchanged at 0.52 ± 0.05 ml/s during
week one of hypercapnia but decreased significantly to 0.45 ±
0.05 mlls during week two of hypercapnia.
Urine data
Mean values for urinary net acid and electrolyte excretion for
the group as a whole are presented in Tables 3 and 4. Values for
urinary excretion data for the control period were obtained for
each animal by averaging the excretory rates of the eight
metabolic days available. For the first week of hypercapnic
exposure, mean daily urinary excretion rates are presented. For
the second week of hypercapnia, mean values were calculated
on the basis of values for seven metabolic days for each animal;
such an aggregate measure is also presented for the first week of
hypercapnia.
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Table 4. Urinary calcium, magnesium, and phosphate cxcretion dun ng control and chronic respiratory acidosis in dogs
Control
10% CO2
Day
1
Week
21 2 3 4 5 6 7
Calcium
mmol/day
Magnesium
mmol/day
Phosphate
mmo!/day
0.4
1.6
14.4
0.6
1.7
21.8a
Q7
1.4
15.3
0.9k
1.8
16.2
0.6
1.6
12.9
0.4
1.8
10.4
0.5
1.9
13.8
0.6
1,7
19.0
0.6k
1.8
15.8
o.6a
l.2
l2.7a
Values presented are means SEM (N = 9).
P < 0.05 vs. control
Acid-base. As shown in Table 3, exposure to the hypercapnic
atmosphere was accompanied by an initial suppression of mean
net acid excretion (day 1) that was followed by a significant
increase in this variable on day 2; subsequently, and for the
remainder of the study, net acid excretion returned to the
control value. Similar to earlier studies from this laboratory
1231, during the chronic steady state the ingredients of urinary
net acid excretion (but not net acid excretion as a whole) were
different from control. Thus, urinary ammonium excretion
remained significantly increased, persistent bicarbonaturia was
noted, and urinary titratable acidity was suppressed.
Calcium, magnesium, and phosphate. As shown in Table 4,
mean urinary calcium excretion tended to increase by day 1 of
hypercapnia, reached a significantly increased level on days 2
and 3 and remained at an elevated, albeit not significantly so,
level for the remainder of the first week of hypercapnia. Mean
urinary calcium excretion was significantly increased during
week 1 and week 2 of hypercapnia compared with the control
period, 0.6 0.1 and 0.6 0.1 versus 0.4 0.1 mmol/day,
respectively, a 50% increase (Fig. 1). As shown in Figure 2,
filtered load of calcium, which averaged 63.8 5.9 mmol/day
during control, remained stable during week 1 of hypercapnia at
60.0 5.0 mmol/day but decreased significantly to 47.7 4.3
mmollday during week 2 of hypercapnia. Mean fractional
excretion of calcium increased significantly during each week of
hypercapnia (Fig. 2) averaging 0.60 0.12% during control,
1,05 0.13% during week 1, and 1.26 0.17% during week 2
of hypercapnic exposure.
Mean urinary magnesium excretion remained unchanged
during the first week of hypercapnia but decreased significantly
during the second week (Table 4). Mean urinary phosphate
excretion increased significantly during the first day of hyper-
capnia but returned to control values for the remainder of the
first week of hypercapnia. This transient phosphaturia is con-
sistent with previous reports on chronic hypercapnia [241. Mean
urinary phosphate excretion decreased significantly during the
second week of hypercapnia (Table 4).
Sodium, potassium and chloride. As previously described
[21, 241, adaptation to hypercapnia was accompanied by an
early natriuresis and kaliuresis, and a more sustained chlorure-
sis (Table 3). The fractional excretion of sodium rose signifi-
cantly from a mean value of 0.45 0.03% during control to 0.51
0.04% and 0.53 0.04% during weeks I and 2 of hypercap-
nia, respectively.
Discussion
The results of the present study indicate that urinary calcium
excretion is increased during chronic respiratory acidosis in the
dog. To ensure stability of our control observations, the animals
were fed the synthetic diet and the electrolyte supplements for
12 days prior to commencing the eight-day control period.
0.8 -
0.7 —I
I:::
0.4 -
0.3 —
0.2 —
Control Week 1 CO2 Week 2 CO2
Fig. 1. Changes in urinary calcium excretion during chronic respira-
tory acidosis in dogs. Data of each of the 9 animals are shown (closed
circles), as well as mean values for the group as a whole (open circles).
Asterisk denotes P less than 0.05 vs. control.
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Indeed, paired analysis of variance failed to detect an unidirec-
tional trend in urinary calcium excretion during the eight days
of the control period. By way of contrast, establishment of
respiratory acidosis led to a prompt and significant hypercalci-
uric response that persisted throughout the two weeks of
hypercapnic exposure (Fig. 1 and Table 4). As compared to
control, the increment in urinary calcium excretion averaged
50% during both the first and second weeks of chronic hyper-
capnia. Modest weight loss occurred during the period of
hypercapnia, but the promptness of the observed hypercalciuria
argues against it being an expression of a generalized catabolic
state. Such levels of hypercapnia produce, at most, only mildly
negative nitrogen balance. Moreover, the sodium and, espe-
cially, the water deficits known to accompany adaptation to
chronic hypercapnia must have contributed substantially to the
observed weight loss [11, 21, 22, 241 (Tables 1 and 3). Although
hypercalciuria has been described during acute hypercapnia
[25, 261, this is the first demonstration of an unequivocal
hypercalciuric response to chronic respiratory acidosis in any
species, an observation that accords with the well described
hypercalciuric response to chronic metabolic acidosis [1—5].
In general, the effect of increments in PaCO2 on urinary
calcium excretion has received relatively little attention. Two
previous studies examined the impact of acute respiratory
A
65 —
60 —
55 —
50 —
45 —
40 -
0wU.
B2.0 -
1.0-
Control
Fig. 2. Changes in filtered load of calcium (FL) and fractional
excretion of calcium (FE) during chronic respiratory acidosis in dogs.
Mean values for the group as a whole are shown. Asterisk denotes P
less than 0.05 vs. control.
acidosis on renal calcium handling and, interestingly, both
yielded positive results. Siggard Andersen investigated the
effect of an 180 minute exposure to 10% CO2 in three mechan-
ically ventilated dogs [25]. Hypercalciuria was observed in the
presence of an increased creatinine clearance and an unchanged
plasma calcium concentration. In a study of six sheep breathing
6% CO2 via mask for an 100 minute period, Stacy and Wilson
observed an acute increase in urinary calcium excretion [26].
Plasma calcium data were not provided in that report.
By contrast, two studies have addressed the response of
urinary calcium excretion to chronic respiratory acidosis and
both have produced negative results. Schaefer, Hasson and
Niemoeller exposed four guinea pigs to a 15% CO2 atmosphere
for seven days [6]. Following a hypercalciuric response to the
first day of hypercapnic exposure, urinary calcium excretion
fell and remained below control values for the remainder of the
study. This result was observed despite a persistent, albeit
small, increment in the plasma ultrafiltrable calcium concentra-
tion during chronic respiratory acidosis. In a recent study, Lau,
Nichols and Tannen were unable to detect any change in
urinary calcium excretion during a four-day exposure of rats to
a 10% CO2 atmosphere as compared with pair-fed controls,
despite a significant increment in plasma total calcium concen-
tration in the hypercapnic animals [7]. The reasons for the
discrepant results between those studies and that of ours remain
unclear but might relate to differences in the duration or
severity of the hypercapnia. In this regard, it is of interest that
in the study by Lau and colleagues, urinary calcium excretion
during days 3 and 4 of hypercapnia was higher, albeit not
Week 1 CO2 Week 2 CO2 significantly, compared with pair-fed controls [7].
Experimental efforts to examine the relationship between
renal handling of calcium and chronic respiratory acidosis in
humans have been essentially precluded by the severe discom-
fort produced by prolonged exposure to high levels of inspired
carbon dioxide. Moreover, this relationship has not been inves-
tigated in patients with simple and stable degrees of chronic
hypercapnia. Thus, the only relevant information at hand
comes from experimental observations under a state of mar-
ginal hypercapnia and conditions in which such important
factors as dietary calcium and phosphorus, and sodium intake
were not controlled. Schaefer, Nichols and Carey studied 20
submarine crew members exposed to a 1.5% CO2 atmosphere
for a period of 42 days [8]. Under such conditions, PaCO2
increased by 5 to 6 mm Hg and minimal or no decrement in
systemic pH was realized [8, 9]. Plasma total calcium concen-
tration fell significantly during the first three weeks of study and
subsequently returned to baseline. Urinary calcium excretion
decreased slightly and remained below baseline levels through-
out the period of study. It is notable, however, that mean food
intake decreased by 24% during the first three weeks of the
study and remained at 30% below the control level for the
remainder of the study. In a similar investigation by Gray and
colleagues of 15 submarine crew members exposed to a 0.5% to
1% CO2 atmosphere for up to seven weeks, mild to moderate
decreases in the urinary excretion of calcium were observed, in
the company of a mild increment in plasma total calcium
concentration [9]. Similar to the study of Schaefer et al, a strict
metabolic protocol was not employed in this study; neverthe-
less, the fact that average net acid excretion decreased by as
much as 40% to 50% from baseline is strongly indicative of
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substantial alteration in the metabolic conditions during the
experimental phase of the study. Finally, of considerable inter-
est are the observations of Schaefer et al on a single subject
exposed intermittently to hypercapnia (15-hour daytime cycle
on a 3% CO2 atmosphere and a 9-hour night time cycle on room
air) for a six day period under strictly controlled metabolic
conditions [101. During days 2 through 5 of the hypercapnic
exposure, impressive daytime hypercalciuria was noted ex-
ceeding the corresponding intervals of the baseline period by
more than 100%; hypercalciuria promptly resolved upon inter-
ruption of the hypercapnic exposure. Plasma calcium concen-
tration was not measured during that study.
What might be the mechanism of the hypercalciuria of
chronic respiratory acidosis observed in our studies? Hypercal-
ciuria could, of course, reflect an increase in the filtered load of
calcium, a reduction in tubular calcium reabsorption, or both.
As shown in Table 2, plasma total calcium concentration was
unchanged from baseline from the 24 hour mark of hypercapnia
on and throughout the remainder of the study. Moreover,
plasma ionized calcium concentration was either unchanged or
decreased during the chronic phase of the study. Glomerular
filtration rate remained stable during the first week of hyper-
capnia but decreased somewhat during the second week. Con-
sequently, the filtered load of calcium was unchanged during
the first week but decreased significantly during the second
week of hypercapnic exposure (Fig. 2). Fractional excretion of
calcium was significantly greater than control during each of the
two weeks of chronic hypercapnia. These results are consistent
with the thesis that the hypercalciuria of chronic respiratory
acidosis results from a decrease in the renal tubular reabsorp-
tion of calcium. The mechanism underlying this effect remains
unclear. However, as shown in Table 2, hypercalciuria was not
associated with any changes in the plasma levels of immuno-
reactive parathyroid hormone or 1 ,25-dihydroxyvitamin D3
during the hypercapnic exposure, suggesting that respiratory
acidosis exerted a direct, depressive effect on tubular calcium
transport. Our results obtained in chronic respiratory acidosis
are in accordance with those found in chronic metabolic acido-
sis. A host of studies of mineral-acid feeding in rats, dogs,
sheep, and humans have suggested depressed tubular calcium
reabsorption as the most likely mechanism of the prevailing
hypercalciuria and, contrarily, that sodium bicarbonate admin-
istration enhances tubular calcium reabsorption [26, 271. De-
tailed micropuncture studies in thyroparathyroidectomized
(TPTX) dogs during NH4C1-induced chronic metabolic acidosis
have pointed to an acidemia-induced reduction of tubular
calcium reabsorption in the distal nephron as the mechanism of
the attendant hypercalciuria [2]. In those studies, there was an
impairment of calcium reabsorption relative to that of sodium at
the distal micropuncture site, whereas reabsorption of the two
cations was parallel in the proximal tubule. Moreover, correc-
tion of the metabolic acidosis by sodium bicarbonate adminis-
tration returned the calcium and sodium reabsorption to a state
of normal parallel handling in the distal tubule and was accom-
panied by eradication of the hypercalciuria. Obviously, para-
thyroid hormone had been excluded as a regulatory variable for
the hypercalciuria in those studies in view of the TPTX status of
the animals. The lack of a significant role for parathyroid
hormone and/or vitamin D metabolites as mediators of the
hypercalciuria of chronic metabolic acidosis has been sup-
ported by additional studies in rats, dogs, and humans [2—5, 281.
A rigorous comparison of the magnitude of the hypercalciuria
observed in our study with that of chronic metabolic acidosis
observed in other studies cannot be made because of several
differences in experimental design including species, and dura-
tion and severity of the acidemia. Nonetheless, the available
limited evidence suggests that the hypercalciuna of chronic
respiratory acidosis is probably smaller than that of chronic
metabolic acidosis. If correct, the explanation for such discrep-
ancy might relate to differences between the two acidemic
states in the multitude of factors other than systemic pH that
control the renal handling of calcium [271. For one, intracellular
pH in renal tubular cells, rather than plasma pH, might be the
important regulatory variable for renal calcium handling and
similar extracellular acidemia might be reflected variably at
those critical reabsorptive sites [29, 30]. In this regard, obser-
vations in collagenase-dispersed renal tubule cells of the rat
suggest that intracellular, rather than extracellular, pH is the
critical factor in determining alterations in calcium fluxes across
the plasma membrane and between the intracellular pools
during acid-base perturbations [31]. Importantly, in those stud-
ies, calcium flux across the plasma membrane was depressed
during both metabolic and respiratory acidosis. An additional
factor to be considered is the fact that the urine is maximally
acidified and, accordingly, virtually bicarbonate free during
chronic metabolic acidosis. In sharp contrast, as we and others
have previously shown [23, 24] and verified in the present
studies (Table 3), bicarbonate excretion is significantly greater
than control during chronic respiratory acidosis. These facts
taken together with the micropuncture observations of Sutton
and colleagues [2] suggest the possibility that the persistent
bicarbonaturia might diminish the magnitude of the hypercalci-
uria observed during chronic respiratory acidosis.
What might be the source of the extra calcium being squan-
dered in the urine during chronic respiratory acidosis? One
obvious source might be via enhanced absorption of calcium in
the gut. In the absence of complete metabolic studies, this
possibility cannot be excluded but would appear unlikely in
view of the fact that we were unable to detect an increase in the
plasma level of 1 ,25-dihydroxyvitamin D3 during chronic hy-
percapnia. Evidence from studies in chronic metabolic acidosis
has revealed unchanged [4, 32] or increased [33] intestinal
calcium absorption as compared to baseline. Nevertheless,
detailed studies utilizing a variety of techniques will be required
in order to address this possibility conclusively. An alternative,
and more likely, source of the excreted calcium might be bone,
which represents a large calcium repository clearly involved in
the hypercalciuria of chronic metabolic acidosis [34—36]. In this
regard, observations by Bushinsky and colleagues in cultured
neonatal mouse calvanae have revealed similar degrees of net
calcium efflux into the medium during three hour incubations
under conditions of metabolic or respiratory acidosis of mod-
erate severity (pH approximately 7.25); however, during severe
acidosis (pH approximately 7.10) net calcium efflux was less
during respiratory than metabolic acidosis [37]. It would be of
extreme interest to extend these studies to bone preparations
obtained from animals with chronic metabolic or respiratory
acidosis. Additionally, physicochemical analysis and quantita-
tive histomorphometry of bone following chronic hypercapnia
Canzanello et at: Effect of hypercapnia on Ca excretion 415
of long standing should provide important insights into this
issue.
The effect of either of the two acidemic disorders on the renal
handling of magnesium has received very little attention. Acute
respiratory, but not metabolic, acidosis increased magnesium
excretion in the sheep [26]. Acute metabolic acidosis did not
affect magnesium excretion in clearance experiments in acutely
TPTX rats [38]. Moreover, no effect of metabolic or respiratory
acidosis on the tubular handling of magnesium was discerned in
micropuncture experiments in the rat [39]. In the study by Gray
et al on submarine crew members exposed chronically to a 0.5%
to 1.0% CO2 atmosphere referred to above [9], plasma total
magnesium concentration increased, whereas the urinary ex-
cretion of magnesium fell. Ammonium chloride-induced meta-
bolic acidosis of 10 days duration did not increase urinary
magnesium excretion in humans [40]. Finally, Lau and col-
leagues reported significant magnesiuria during a four day
period of metabolic acidosis in the rat but no change in
respiratory acidosis of equal duration as compared with pair-fed
controls [7]. We also failed to detect any change in magnesium
excretion during the first week of hypercapnia, although a
significant decrease from baseline was found during the second
week of hypercapnic exposure.
In summary, our study demonstrates that chronic respiratory
acidosis in the dog is associated with a substantial degree of
hypercalciuria that appears to be mediated by a suppressed
renal tubular calcium reabsorption. Beyond their physiological
interest, these studies might have clinical implications with
regard to renal and bone pathology in subjects with long-
standing respiratory acidosis.
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